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Abstract: For a wide range of models, dark matter can interact with QCD gluons via
chromo-Rayleigh interactions. We point out that the Large Hadron Collider (LHC), as a
gluon machine, provides a superb probe of such interactions. In this paper, we introduce
simplied models to UV-complete two eective dark matter chromo-Rayleigh interactions
and identify the corresponding collider signatures, including four jets or a pair of di-jet
resonances plus missing transverse energy. After performing collider studies for both the
8 TeV and 14 TeV LHC, we nd that the LHC can be more sensitive to dark matter
chromo-Rayleigh interactions than direct detection experiments and thus provides the best
opportunity for future discovery of this class of models.
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1 Introduction
Although there is no doubt that dark matter interacts gravitationally both among itself
and with the Standard Model (SM) particles, we still have no convincing evidence for other
dark matter interactions. Among the three forces in the SM, dark matter can not have
order-one couplings under the electroweak forces. Otherwise, it will either emit photons or
scatter o nuclei with a too-large cross section in direct detection experiments. Suppressed
couplings to the Z boson or the Higgs boson will be probed further in upcoming dark
matter experiments [1]. For QCD interactions, the dark matter particle can not have a
color charge due to connement. If, instead, it is a QCD composite particle, the hadronic
bound states should have a large interaction strength with SM pions and thus have a large
scattering cross section with nucleons. This type of dark matter can not penetrate the
Earth to reach detectors in underground direct detection experiments, but satellite-based
X-ray quantum calorimetry experiments impose stringent bounds on this scenario [2].
Another way for dark matter to interact with gluons is through eective contact in-
teractions, comparable to photon-molecule Rayleigh interactions. Introducing such higher-
dimensional eective operators to describe dark matter chromo-Rayleigh interactions is
then independent of whether the dark matter is elementary or composite. For instance,
in supersymmetric models the neutralino can couple to two gluons via a stop-top quark

















mode can generate the eective chromo-Rayleigh dark matter interaction [3]. Composite
dark matter models can also generate chromo-Rayleigh interactions, with strengths typi-
cally suppressed by the composite scale [4]. In this paper, we perform a generic study on
dark matter chromo-Rayleigh interactions. We pay particular attention to collider searches
and the potential signatures associated with chromo-Rayleigh interactions. This study is
similar to searches for electrical Rayleigh interactions of dark matter in ref. [5, 6], where
the electrically charged particles can be searched for directly at the LHC.
For simplicity, we choose the dark matter particle to be a complex scaler denoted as X.
We study two types of dimension-six interactions: XyX G2 and
 
XX  XyXyG eG, where
G is the QCD eld tensor. For direct detection searches, the rst operator provides spin-
independent scattering while the second operator provides spin-dependent and momentum-
suppressed scattering. For collider searches, the standard model independent signature is a
mono-jet plus missing transverse energy. Taking into account the well-known limitations of
such searches [7{24], we introduce simplied models to UV-complete these two operators.
Collider signatures owing to such UV-completions depend strongly on how the colored
mediators decay. We discuss several possible signatures, including multi-jets and pair-
produced di-jet resonances with missing transverse energy.
The rest of this paper is organized as follows. In section 2, we work out the dark matter
thermal relic abundance, direct detection cross sections, and collider constraints from the
eective chromo-Rayleigh contact interactions. In section 3, we introduce two simplied
models to UV-complete the previous contact operators. Section 3.1 introduces a scalar
color-octet with the signature of four jets plus missing transverse energy, sections 3.2{3.3
introduce two fermion color-triplets with the additional signature of paired di-jet reso-
nances plus missing transverse energy, and section 4 oers a comparison to direct detection
experiments. We conclude in section 5.
2 Contact interactions
Our model consists of a complex scalar dark matter eld, X, which is a singlet under the
SM gauge group. We introduce the following two CP -conserving, dimension six operators









(XX  XyXy)Ga eGa ; (2.2)
where i is the cuto scale and eGa = 12 Ga is the dual gluon eld strength tensor.
The overall operator normalization accounts for a loop factor. In order for X to be stable,
we impose a Z2 symmetry under which X is odd. Based on these two eective operators,


















2.1 Thermal relic abundance
Depending on the UV physics, the dark matter sector could be more complicated than just
one state. Therefore, the dark matter thermal relic abundance calculation based entirely on
the operators in eqs. (2.1) and (2.2) can only provide a guidance for the potential parameter
space in MX and i for thermal dark matter. For the rst operator, we have the dark















 s ; (2.3)
to leading order in the dark matter's relative velocity v expansion. Here, the overall factor
of 1=2 is due to the relic density being comprised of particles and antiparticles. For the
second operator, we have the annihilation rate from the process XX[XyXy] ! GG, in













 s : (2.4)
The dark matter relic abundance is inversely proportional to the annihilation rate and
has a formula 
Xh
2  1:07  109 GeV 1 xF =(
p
gMpl s) with g as the number of rel-
ativistic degrees of freedom at the freeze-out temperature and is taken to be 86.25 and
the Planck scale is Mpl = 1:22  1019 GeV. The freeze-out temperature xF is given by
xF = ln [0:05 gMplMXs=(
p
g xF )] with g = 2 and is typically O(20).
2.2 Direct detection
For the rst operator OcRayleigh1 , we can use the matrix element of GaGa inside a nucleon
to derive the dark matter coupling to two nucleons. The trace anomaly of the QCD energy-
momentum tensor implies [25, 26]
mN hN jNi = hN j
X
1inf








a jNi ; (2.5)
where nf =  (11  2nf=3)2s=4 is the beta function at leading order, nf is the number
of quarks, and  is the anomalous dimension of the quark eld. So, at leading order in s














Recent Lattice QCD updates of the calculation for the strange quark matrix ele-
ment has fu + fd + fs = 0:085
+0:022
 0:014 [27]. In our numerical calculation, we will use
























For the second operator, OcRayleigh2 , we need to know the matrix element of G eG inside
a nucleon. This matrix element is related to the anomalous divergence of the iso-singlet
axial current operator byX
i=1; ;nf








2imi  i5 i : (2.8)




Ga eGa jpi = 389 MeV  pmp ; hnjs8Ga eGa jni =  2 MeV  nmn ; (2.9)
where the dimensionless parameters are p  0:41 and n   0:0021 (the instanton calcu-
lation in ref. [31] obtained dramatically dierent numbers). The large dierence between
p and n indicates a large isospin violation for pseudo-scalar coupling to nucleons. One




(XX  XyXy)Ni5N : (2.10)
In the non-relativistic limit, one has Ni5N  2i~q  ~s with ~q as the exchange momen-
tum of the scattering process and ~s as the spin of a nucleon. So, for this interaction,
we have both spin-dependent and momentum-suppressed scattering. The spin-dependent











For MX  100 GeV, a small cuto scale of 2  100 GeV, and a typical exchange mo-
mentum of q  XA v  100 MeV, the spin-dependent scattering cross section of dark
matter o a proton is 10 7 pb. This is far below the current direct detection experimental
bound [32, 33].
2.3 Collider constraints
For the two operators considered here, the universal signature at the LHC is that of a
mono-jet plus missing transverse energy [34, 35]. For fermion dark matter coupling to
two gluons, both the CMS [36] and ATLAS [37] collaborations have imposed limits on the
cutos of the eective operators. To estimate the constraints on our scalar dark matter
case, we use FeynRules [38] to generate a model le for MadGraph [39]. We then use
Pythia [40] to shower and hadronize the parton-level events. Finally, we use PGS [41] to
cluster hadrons into jets and simulate detector eects.
Following the same analysis procedure from the CMS collaboration in ref. [36] at 8 TeV
and with 19:7 fb 1 luminosity, we have found that imposing a cut on the missing transverse
energy EmissT > 500 GeV (or requiring less than 164 signal events) provides the strongest
bounds for a wide range of dark matter masses. We show the constraints on the cutos























Table 1. The collider constraints on the cuto of the eective operators for dierent dark matter
masses at 90% CL. The mono-jet analysis with EmissT > 500 GeV from the CMS collaboration in
ref. [36] has been used.
constant for light dark matter below 100 GeV and become weaker as one increases the dark
matter mass beyond around 100 GeV. One can also see that for heavier dark matter beyond
200 GeV, the constraints become much weaker such that the cuto is even below MX , which
indicates a breakdown of the perturbative description of the eective eld theory.
3 Simplied UV-completion models
As already can be seen from table 1, the constraints on the cutos of the contact operators
from the mono-jet searches are not that stringent. For a 100 GeV dark matter particle, the
constrained cuto is just comparable to the dark matter mass. This calls for UV-completed
models to reduce the uncertainties from an eective eld theory description. In this section,
we consider several classes of models to illustrate that collider signatures beyond the mono-
jet may provide a more sensitive probe of dark matter chromo-Rayleigh interactions.
Introducing only X and its allowed couplings to the SM under the dark Z2 symmetry,
the renormalization interactions are
LX  @Xy@X  M 02XXyX  
X
4
(XyX)2   HXXyXHyH ; (3.1)
where H is the SM Higgs doublet and we choose a positive quartic coupling of X > 0.
After electroweak symmetry breaking, X receives a contribution to its mass from the Higgs
mechanism and is assumed to have a positive mass of M2X = M
02
X + v
2HX=2, where v is
the Higgs vacuum expectation value. Similar to the Higgs-portal dark matter models, the
SM Higgs boson can decay into two dark matter particles for MX < Mh=2. At 7 TeV and
8 TeV LHC, the searches for the Higgs boson invisible decays have constrained the invisible
branching ratio to be less than 0.28 at 95% C.L. [42, 43], which can be translated into a
bound on HX as HX . 0:015 for a light dark matter mass.
Given the eective coupling of the Higgs boson with two gluons in the SM, one automat-
ically generates the dark matter-gluon coupling of eq. (2.1). The additional introduction
of a color-neutral pseudo-scalar, which appears for instance in two-Higgs-doublet-portal
dark matter models, can generate the dark matter chromo-Rayleigh interaction of eq. (2.2)




























Figure 1. Representative loop diagrams for generating OcRayleigh1 via colored scalar loops.
pseudo-scalar-portal dark matter cover this class of UV-completions [42], we consider two
other ways to UV-complete the chromo-Rayleigh dark matter interactions with more novel
collider signatures.
3.1 QCD-charged particle mediation for OcRayleigh1
In this subsection, we examine a class of models with additional QCD-charged scalars
to generate the eective chromo-Rayleigh interaction of OcRayleigh1 . For specicity's sake,
we introduce a real color-octet and electroweak-singlet scalar,1 GaH with a = 1;    ; 8
and a mass of MGH , which, for example, appears in the Renormalizable Coloron Model































yX + Leven(odd) ; (3.2)
where D is the covariant derivative. Leven(odd) is specic to the identication of GH as
even (odd) under the dark Z2 symmetry,
Leven =  GdabcGaHGbHGcH ; (3.3)
Lodd =  XGdabcGaHGbHGcH(X +Xy) ; (3.4)
with dabc the totally symmetric SU(3)QCD tensor. The scalar octet GH also receives a




We note that a large value of HG=M
2
GH
can modify the eective interaction of the Higgs
boson coupling to two gluons [48{52]. Using the limits from the LHC Run 1 [53], the limit
is jMGH=
p
GH j & 1:9 v.
At one-loop level, the eective operator can be generated through the diagrams in








where the form factor F (), with  = (p1 + p2)
2=(4M2GH ), is one in the limit  ! 0. Here,
p1 and p2 are the gluon momenta pointing to the vertex. In the limit that MGH  MX

















and with small gluon momenta much below jp1 + p2j, one can match the colored particle





For this class of UV-complete models, one can also work out the collider constraints.
Depending on whether the color-octet is odd or even under the dark matter Z2, one has
dierent decay channels for GaH . If it is Z2-even, the cubic self-interaction of Leven can
make GH unstable. This introduces the decay of GH into two gluons at one loop with a
width of [46, 54]












Z2-even GH can be pair-produced at the LHC from their QCD interactions, which then
decay into paired dijets. Following the same reinterpretation of the experimental data as
in ref. [55], we nd that the current searches for paired dijet resonances at the 8 TeV LHC
have set a constraint on its mass of [56]
MGH & 520 GeV ; for Z2-even GH ; (3.8)
where we have only included the QCD productions.
If GH is Z2-odd, the dark matter particle X has to appear in the GH decay products.
The operators mediating GH decaying to X rst occur at the dimension six level and










+ h:c: : (3.9)
Here, ta with a = 1; 2;    ; 8 are the SU(3)QCD generators. For the second operator, we
have only included the top quark by assuming that the coupling is proportional to the
quark mass. Using the equation of motion, DG






As a result, the decay channels of the colored state GH are mainly GH ! X qq. For each
avor, the three-body decay width is calculated to be
 (GH ! X qq) = (3.11)
g2s





















Choosing gs = 1:1, MGH = 500 GeV, MX = 10 GeV, 
0
1 = 1 TeV, and neglecting the quark
mass,   = 0:0002 GeV for each avor and GH can decay promptly for collider studies.
From the above assumptions, the collider signature for pair-produced Z2-odd GH con-




T . Generically, the top-quark rich nal state
can be easily searched for at the LHC. So, we concentrate on the rst operator in eq. (3.9)
and derivate a more conservative bound based mainly on the 4j+EmissT nal state. Follow-

















with 300 < =HT < 450 GeV, 800 < HT < 1000 GeV, 3  Njets  5 with pT (j) > 50 GeV and
jj < 2:5 provide the best constraint. For MGH = 600 GeV and MX = 10 GeV, we have
Br(GH ! 2j+X) = 97:5% and Br(GH ! tt+X) = 2:5%. The production cross section at
the 8 TeV LHC after this set of cuts is approximately 1:9 fbK with a K-factor of 1.8 [58].
This amounts to a total of 65.4 events at 19.5 fb 1, which is very close to the allowed num-
ber of signal events (65.6 from ref. [57]) at 90% C.L. So, for a large mass splitting between
the color-octet state GH and the dark matter X, the current LHC bound is
MGH & 600 GeV ; for Z2-odd GH : (3.12)
Independent of how GH decays, we have set a constraint on the GH mass to be above
500-600 GeV. Using the relation in eq. (3.6), this constraint translates to a limit on the
eective cuto scale of 1 & 1:5   1:7 TeV for XG = 1, which is far more stringent than
the limits in table 1 set from the mono-jet search. To compare with the limits from direct
detection experiments, we show the reinterpreted collider limits using 1 > 1:7 TeV for the
rst chromo-Rayleigh interaction in the left panel of gure 7. The left panel of gure 7
shows a comparison between the limits on the scattering cross section SIXN obtained from
direct detection, monojet, and 4j + EmissT searches.
3.2 QCD-charged particle mediation for OcRayleigh2
To UV-complete the operator OcRayleigh2 , we introduce a pair of vector-like fermions, which
appear in a wide range of new physics models like the Kaluza-Klein fermions in the universal
extra dimensional model [59] or the top partners in the little Higgs model with T -parity [60].
We x the quantum numbers of these fermions to be the same as uR for later convenience.
The Lagrangian for this sector is then
L   1
 
i =D  m 1

 1 +  2
 










 1 2 +  2 1
  y2 X  Xy   15 2 +  25 1 : (3.13)
To conserve the dark Z2 symmetry, one of the fermion triplets must be Z2-odd while the
other is Z2-even. Only the Z2-even fermion has an allowed Yukawa coupling with the
standard model Higgs boson. Using the freedom of eld redenitions of  1 and  2, one
can keep the rst coupling, y1, to be a real number while the second coupling, y2, may in
general be complex. We choose y2 to be a real number to satisfy CP symmetry. In terms
of the components, X = (XR + iXI)=
p
2, we have the interactions
L   
p
2 y1XR ( 1 2 +  2 1) 
p
2 iXI (y2  15 2 + y2  25 1) : (3.14)
To preserve C and P , one has XR to be C-even and P -even, and XI to be C-even and









































Figure 2. Representative loop diagrams for generating OcRayleigh2 via colored fermion loop.
At one-loop level, one has the box diagrams in gure 2 to generate the eective operator
OcRayleigh2 . In the heavy particle limit with m 1 ;m 2 MXR ;MXI , we have the matching




For this specic UV-completion model, the rst chromo-Rayleigh interaction can also be
generated, since it does not break any discrete symmetries.
If Im(y1y2) 6= 0, the Lagrangian in eq. (3.14) is P -conserving but C-breaking, so
CP is also broken.2 The lowest dimensional eective operator that is C-odd and P -
even is at dimension-10, for instance XRXI dabc(DG
a
)(DG
b ) eGc , further suppressed




a could be generated with a stringent bound from the neutron electric dipole
moment.
As mentioned before, in order to conserve the dark Z2 symmetry the two elds,  1
and  2, should have opposite dark parity. Fixing the mass relation m 2 > m 1 , we have
two cases. The case A has Z2-even  1 and Z2-odd  2 and the case B has Z2-even  2 and
Z2-odd  1. For both cases, we introduce the following dimension-5 operator to mediate




tauR eGa : (3.17)
Here, i = 1(2) for case A(B). As a result of this decay mode, the unstable particle  i
behaves as a dijet resonance at colliders. One could also consider other potential decay
channels by introducing the electroweak dipole moment operator, which has a clearer
signature at colliders. The Yukawa operator with a coecient,  i , in eq. (3.13) can
also mediate the Z2-even  i decaying to one up quark plus Z or h. The constraint on
the mass of Z2-even  i is above between 720 GeV and 920 GeV for dierent branching
fractions [62]. In our study, we will assume a negligible value of  i and concentrate on
the more challenging fully-hadronic channel.
For case A with a Z2-even  1, the collider signature of  1 is pair-produced dijet
resonances. The searches at the 8 TeV LHC have set a constraint on its mass [56] as











































miss H14 TeV; 100 fb-1L
y1y21 Case A: Z2-even Ψ1, Z2-odd Ψ2 LHC


















y1y21 Case B: Z2-odd Ψ1, Z2-even Ψ2 LHC
Figure 3. Left panel: constraints on the cuto of the eective operator OcRayleigh2 for case A with
Z2-even  1 and Z2-odd  2. Right panel: constraints for case B with Z2-odd  1 and Z2-even  2.
m 1 & 500 GeV. Although the signature is interesting by itself, the discovery of this
dijet resonance can not prove that dark matter has been produced at colliders. For the
Z2-odd  2 particle, ithe decay channel is  2 ! X + 1 ! X + 2j. Depending on the mass
splitting of  1 and  2, one has  1 to be o-shell for m 2   m 1 < MX and on-shell for
m 2  m 1 > MX . For the o-shell intermediate  1 case, this signature is very similar to
the SUSY squark searches with a heavy gluino [57], except with a larger production cross
section than a single avor squark. For dark matter mass MX . 100 GeV, the constraint
on the  2 mass is m 2 & 850 GeV, assuming that the signal acceptance is similar to the
squark one [57]. For a heavy dark matter mass close to 290 GeV, the constraint becomes
weaker and is m 2 & 500 GeV. Using the conversion formula in eq. (3.16), we show the
constraints from 4j + EmissT on the eective cuto for dierent dark matter masses in the
left panel of gure 3, by setting m 1 = m 2  MX and y1y2 = 1.
For the on-shell  1 case, the signature is more interesting with a pair of dijet
resonances plus a large EmissT . The relevant production Feynman diagram is shown in the
left panel of gure 4. We perform a detailed collider study for this interesting signature
in section 3.3. As a comparison, in the left panel of gure 3 we show the interpreted
constrains for MX . 100 GeV on the matched cuto from eq. (3.16) for both the 8 TeV
LHC with 19.5 fb 1 and the 14 TeV LHC with 100 fb 1. One can see a clear improvement
on constraining this eective chromo-Rayleigh interaction from a dedicated search beyond
the simple mono-jet signature.
For case B with Z2-odd  1 and Z2-even  2, the searches for pair-produced dijet res-
onances provide a constraint of m 2 & 500 GeV. The decay of  1 needs to go through an
o-shell  2 via  1 ! X + 2 ! X + 2j. Applying the SUSY squark searches with a heavy
gluino [57], the constraint on the  1 mass is m 2  m 1 & 850 GeV for MX . 100 GeV
and m 1 & 500 GeV for MX close to 290 GeV. In the right panel of gure 3, we show the















































Figure 4. Left panel: the representive Feynman diagram for the process of pp !  2  2 ! X +
 1 +X
y +  1 ! XXy + 4j. Right panel: the tree-level production cross sections of pp!  2  2.
3.3 Pair-produced dijet resonances plus EmissT
In this section, we perform a detailed collider study for the process of pp !  2  2 !
X +  1 + X
y +  1 ! XXy + 4j. The collider signature is pair-produced dijet resonances
plus missing transverse energy. In the left panel of gure 4, we show the Feynman diagram
for this process. The QCD production cross sections for  2  2 at the LHC are the same
as vector-like t0t0 [63]. We show the tree-level production cross sections, calculated using
MadGraph [39], in the right panel of gure 4. In the following analysis, we will ignore the
signal K-factor because we will use tree-level cross sections for backgrounds.3
The main SM background comes from Z=W + n jets with Z !  and leptonic
decays of W. After comparing the results from matching parton showers and matrix
elements [64], we have found that the background of parton-level Z=W + 4 jets with
pT (j) > 120 GeV provides a good estimation of total Z=W
 + n jets background for the
8 TeV LHC. Therefore, we use Z=W+4 jets as an approximation to save simulation time.
There also exist additional, sub-dominant semi-leptonic tt backgrounds, which will be kept
in our analysis.
Starting from the 8 TeV LHC with 19.5 fb 1, we choose the model point (m 1 ;m 2) =
(600; 900) GeV as a benchmark to optimize our cuts on kinematic variables. We choose
the basic cuts on the jet and missing transverse momenta to be pT (ji) > 140 GeV and
EmissT > 275 GeV and required at least four jets satisfying the jet pT cut in the nal state.
To reduce the tt and W+jets backgrounds, we also veto events containing a lepton with
pT (`) > 20 GeV. Since our signal has a pair of dijet resonances with the same mass, we
choose the combination among three possible dijet pairs with the smallest dijet invariant
mass dierence, mdijet. To further reduce the SM background, we show the event fraction
histogram distribution in terms of the variable mdijet=mavg in the left panel of gure 5.
Signal events prefer a smaller value of dijet invariant mass dierence than background
events. As a result, we impose a cut on this variable with mdijet=mavg < 0:4 to further
increase the discovery sensitivity. In the right panel of gure 5, we show the averaged
dijet invariant mass distribution for the signal and backgrounds. Since the signal events
3One might expect the overall signicance in the later analysis to be increased by a factor of  1:2  1:3





















































8 TeV, 19.5 fb-1
HmΨ1 , mΨ2 L = H600, 900L GeV
semi-lep He, ΜL t t
semi-lep HΤL t t
lep He, ΜLW + 4 j
lep HΤLW + 4 j
Z + 4 j
signal
Figure 5. Left panel: the distributions of the fraction of events as a function of mdijet=mavg
for the signal of (m 1 ;m 2) = (600; 900) GeV and the summed background. Right panel: the
averaged dijet invariant mass distributions for the signal and various backgrounds, after the cut of
mdijet=mavg < 0:4.
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Figure 6. Left panel: the signal signicance S=
p
B for dierent model points with the cuts
optimized for (m 1 ;m 2) = (600; 900) GeV and MX = 10 GeV at the 8 TeV LHC with 19.5 fb
 1.
The red dashed line is the extrapolated 90% C.L. exclusion curve. The black dashed line has
m 2 = m 1 + MX . Right panel: the same as the left panel but for 14 TeV with 100 fb
 1 and the
set of cuts for the combined benchmark points (m 1 ;m 2) = (900; 1800) GeV and (900; 1500) GeV
with MX = 10 GeV.
mainly distribute around the  1 particle mass, we also impose one additional cut with
jmavg  m 1 j < 0:1m 1 to further improve the sensitivity. With the above cuts, we show
the values of S=
p
B for dierent mass points in the left panel of gure 6. At 90% C.L.,
our simulated results show that the model point of (m 1 ;m 2) = (650; 950) GeV can be
covered, which corresponds to 2 & 1:1 TeV. Once again we see a dramatic improvement
relative to the standard mono-jet signature.
At the 14 TeV LHC with 100 fb 1, we choose two benchmark points with MX =
10 GeV and (m 1 ;m 2) = (900; 1800) [(900; 1500)] GeV. To optimize the discovery sen-

















EmissT > 900 [600] GeV; mdijet=mavg < 0:4 [0:3]; jmavg  m 1 j < 0:1m 1 . The signal sig-
nicances, S=
p
B, for dierent model points are shown in the right panel of gure 6, taking
the larger S=
p
B value from between the two benchmark points. We show the combined
90% C.L. exclusion contour in the red dashed line, which has the lower right region cov-
ered by the set of cuts for (900; 1800) GeV and the upper right region by (900; 1500) GeV.
At 90% C.L., one can see that the model point of (m 1 ;m 2) = (950; 1800) GeV can be
excluded, which corresponds to 2 & 1:8 TeV.
4 Comparison to the direct detection limits
To compare with the constraints from direct detection experiments, we show the interpreted
dark matter-nucleon scattering cross sections from the LHC mono-jet, 4j+EmissT and paired
dijet+EmissT searches in gure 7. In the left panel, we show the spin-independent scattering
cross section including the constraints from the LUX collaboration [36]. Compared to
the direct detection limits, the constraints from the LHC are not strong for heavier dark
matter masses, but are more stringent for a light dark matter mass below around 5 GeV.
Compared to the limits from mono-jet searches, the 4j + EmissT signature is denitely a
more sensitive channel for constraining the spin-independent scattering cross section from
the rst chromo-Rayleigh interaction, XyXGaGa .
In the right panel of gure 7, we show the interpreted collider constrains for the second
operator, i(XX  XyXy)Ga eGa . Here, we only show the dark matter-proton scattering
cross section, since it has a larger value than dark matter-neutron one for the same dark
matter mass. For the interpreted limits from collider searches and because of the additional
momentum suppression with q  XAv, we x the dark matter velocity to be v = 10 3
and choose a typical target nucleus mass mA = 100 GeV in eq. (2.11). Compared to the
constraints from direct detection experiments, the collider searches obviously provide a
more sensitive probe of this type of dark matter chromo-Rayleigh interactions.
5 Discussion and conclusions
One advantage of introducing simplied models is that the relevant model is complete
from the renormalizability point of view. There is no worry about trusting theoretical de-
scriptions of the collider limits like in the eective operator approach. On the other hand,
the simplied models typically contain more model parameters and make the comparison
with the results from dark matter direct or indirect detection less model-independent.
For the simplied models studied here, the collider signatures highly depend on how the
QCD charged particles decay. For the rst operator, the color-octet scalar can decay into
two gluons or two quarks plus the dark matter particle. For the second operator, the two
color-triplet fermions could have many other possible decay channels beyond the ones in
our paper. For instance, one could replace the operator in eq. (3.17) by  i L
uR eB ,
which can lead to the decay of  ! u + =Z. The nal collider signature could be
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Figure 7. Left panel: the constraints on the dark matter spin-independent scattering cross sections
from the LHC mono-jet [36] and multi-jet+EmissT [57] searches at the 8 TeV LHC with  20 fb 1
and the LUX direct detection experiment [65]. Right panel: the same as the left one but for spin-
dependent dark matter-proton scattering cross sections from the LHC, SIMPLE [66], PICASSO [67],
PICO-2L [68], IceCube [69] and Super-K [70]. The scattering cross section is suppressed by both
the spin-dependent scattering and the exchanging momenta.
of simplied models for dark matter chromo-Rayleigh interactions, one should search for
a wide range of potential signatures.
In conclusion, we have studied simplied models to UV-complete the chromo-Rayleigh
interactions of dark matter. For the rst operator, a new color-octet scalar particle could
be in reach of the LHC. It may decay into just two jets or two jets plus missing transverse
energy. The 8 TeV LHC can already constrain this color-octet scalar mass to be above 500-
600 GeV, which can be translated into a constraint on the cuto of the eective operator to
be above 1.5-1.7 TeV. For the second operator, two QCD-charged fermions are predicted for
the simplied model in this paper. A collider study of pair-produced dijet resonances plus
missing energy at the 14 TeV LHC can constrain the geometric mean of the two fermion
masses above around 800 GeV, which can be interpreted as a bound on the eective operator
cuto above around 1.8 TeV.
Note added. We note here that during the completion of our paper, another pa-
per [71] appeared containing some overlap with our UV-completion of the rst operator,
XyXGaGa .
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A Loop level calculations for the coecient of OcRayleigh2
Starting from the Lagrangian in eq. (3.14), we match the coecient for OcRayleigh2 at one-
loop level. Other than the two Feynman diagrams in gure 2, we also have another four


















































Figure 9. Loop diagrams for generating OcRayleigh2 via a colored particle in loop.
Summing the two diagrams in gure 2, we have the matrix element as






(=q   =p1 +m2)(=q   =k1   =k2 +m2)5(=q   =k1 +m1)]
[q2  m22][(q   p1)2  m22][(q   k1   k2)2  m22][(q   k1)2  m21]
:
In the heavy fermion limit, we have a simplied version of the matrix element as




















The two diagrams in gure 8 have a similar answer as iM2 = iM1(m1 $ m2). The two




















Add all diagrams together, we have the summed matrix element
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